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Abstract 

Acute cerebral hemorrhage (ACH) is an important clinical problem that is often monitored and studied with expensive devices 
such as computed tomography, magnetic resonance imaging, and positron emission tomography. These devices are not 
readily available in economically underdeveloped regions of the world, emergency departments, and emergency zones. We 
have developed a less expensive tool for non-contact monitoring of ACH. The system measures the magnetic induction phase 
shift (MIPS) between the electromagnetic signals on two coils. ACH was induced in 6 experimental rabbits and edema was 
induced in 4 control rabbits by stereotactic methods, and their intracranial pressure and heart rate were monitored for 1 h. 
Signals were continuously monitored for up to 1 h at an exciting frequency of 10.7 MHz. Autologous blood was administered to 
the experimental group, and saline to the control group (1 to 3 mL) by injection of 1-mL every 5 min. The results showed a 
significant increase in MIPS as a function of the injection volume, but the heart rate was stable. In the experimental (ACH) 
group, there was a statistically significant positive correlation of the intracranial pressure and MIPS. The change of MIPS was 
greater in the ACH group than in the control group. This high-sensitivity system could detect a 1-mL change in blood volume. 
The MIPS was significantly related to the intracranial pressure. This observation suggests that the method could be valuable 
for detecting early warning signs in emergency medicine and critical care units. 
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Introduction 

Spontaneous acute cerebral hemorrhage (ACH) is 
bleeding into the brain that occurs in the absence of 
trauma. Thirty-day mortality approaches 50%, and only 
20% of survivors achieve meaningful functional recovery 
at 6 months (1,2). Spontaneous intracerebral hemor- 
rhage is responsible for 10-15% of acute strokes and is 
associated with the highest mortality rate, with only 38% 
of affected patients surviving the first year (3). The study 
of cerebral hemorrhage has benefited from advances in 
medical imaging technologies such as computed tomo- 
graphy (CT), magnetic resonance imaging (MRI), and 
positron emission tomography (PET) (4). Although such 
imaging devices are extremely valuable for studying 
cerebral hemorrhage, they are expensive and not readily 
available either to patients or to researchers in areas with 
limited economic resources (5,6), emergency depart- 
ments, and emergency zones. In addition, imaging 
techniques may be unable to detect hemorrhages when 



the amount of bleeding is very small even though the 
potential danger is large. The goals of this study are to 
conduct animal experiments with our magnetic induction 
phase shift (MIPS) measurement device for real-time 
monitoring of ACH and to clarify the relationships of 
intracranial pressure (ICP), MIPS, and bleeding volume. 

The relevant field of study here is that of the 
electromagnetic properties of biological tissues. As shown 
by Tarjan and McFee (7), electrodeless measurement of 
changing impedances in the human body can be achieved 
by measuring the effect of inducted eddy currents. It is 
well established that different biological tissues have 
different electromagnetic properties and can therefore be 
distinguished on the basis of those properties (8). The 
complex electrical properties of impaired tissue are 
substantially different from those of normal tissue, and 
various non-contact systems based on electromagnetic 
measurements have been proposed for different medical 
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applications (9,10). Magnetic induction tomography has 
been studied as a potential tool for the non-invasive 
detection of edema (9-12) in addition to other non-contact 
approaches for detecting electromagnetic changes in 
tissue (13). Measuring changes in the electromagnetic 
properties of tissue with two non-contacting induction coils 
placed near the tissue have been proposed as an 
alternative method to detect clinical changes in the tissue 
(14,15). Although the information thus obtained is not in 
the form of an image, it can provide temporal and even 
gross information about local changes in tissue (16) from 
non-contact, volume measurements. In particular, a 
change in the MIPS following the occurrence of a 
suspected clinical episode could serve as a first-order 
clinical warning by detecting the presence and progres- 
sion of changes in tissue (13). In previous research, we 
carried out experimental studies to simulate the detection 
of cerebral edema by using a magnetic induction method, 
a single detection system, and a physical model of 
cerebral edema (17,18). We found that MIPS values 
were directly proportional to the volume, conductivity, and 
frequency. In this study, we showed that non-invasive 
measurements of the electromagnetic properties of the 
rabbit brain can be used to detect the evolution of a 
cerebral hemorrhage. We describe herein the fundamen- 
tal principles of the technique and a prototype device. We 
then show results obtained from the brains of rabbits in 
which ACH was induced. 

Material and Methods 

Theoretical basis 

The electromagnetic property that we measured in 
this study was the change in MIPS across time under 
conditions of ACH. We considered a cylinder of tissue of 
radius R and thickness t as a case study; it was placed 
centrally between an excitation coil and a detection coil 
separated by distance d (t«d). A sinusoidal current I 
of angular frequency (d flowed in the excitation coil and 
produced a magnetic field B. The non-magnetic cylinder 
had conductivity a and relative permittivity e r . The skin 
depth 3 was assumed to be much greater than t, which 
means that the attenuation of the magnetic field B 
produced by the cylinder was small. We used spherical 
polar coordinates (r, 0), as shown in Figure 1. 

According to Griffiths et al. (19), at a point P in the 
cylinder model, the magnetic field relation is given as follows. 
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Figure 1. Magnetic field in a cylinder due to an excitation coil 
(shown in polar coordinates). A cylinder of radius R and thickness 
t was placed centrally and midway between a small excitation coil 
and a small detection coil separated by distance d. The cylinder 
had a conductivity of a, a relative permittivity of s c and a 
permeability of u, 0 . 



AB _ AVj 
"B"~~\T 

A constant k is defined as 
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By substituting Equations 3 and 2 into Equation 1, the 
phase of the total induced voltage 6 Vl in the detection 
coil with respect to the voltage induced by the excitation 
magnetic field could be expressed as a function of the 
frequency and electrical parameters in the cylinder 
between the coils (19) by 
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Because the phase change of current in the excitation 
coil was affected by the magnetic field induced by the 
cylinder, the phase in the excitation coil 0y e could be 
estimated from the following expression (13) 



where B is the primary magnetic field and AB is the 
magnetic field induced by the cylinder. Hence, AB/B can 
be defined in terms of the induced voltage in the detection 
coil (20) by 
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where Z L represents the impedance of the excitation coil 
and Z out is the output impedance of the excitation source. 
The total phase shift between the voltages in the 
excitation and detection coils is given by the expression 

A6 = 6vi-6 V e (6) 

The total phase shift AO, which is the measured MIPS, 
is produced by the cylinder perturbing the excitation field. 
In previous simulation experiments, the MIPS (i.e., AO) 
was demonstrated to be directly proportional to the 
volume (18); hence, we could predict the volume of 
ACH as a function of the MIPS. On the basis of the 
theoretical estimates, an experimental setup was built to 
detect ACH (17,18). 

Experimental setup to detect MIPS 

A system block diagram of the experimental setup 
that was built and used to detect the MIPS is shown in 
Figure 2. The system consists of seven modules: a signal 
generator, excitation coil, detection coil, phase detector, 
personal computer (PC), and equipment to collect and 
process biological signals. 

The signal generator supplies a sinusoid signal V e of 
approximately 5 V at 10.7 MHz. The resonance frequency 
of the generator-excitation coil system was determined 
experimentally to be centered on 7.65 MHz. This 
frequency was therefore excluded from the analysis. 
The range of output power from the generator was 
1.5-33 dBm. The frequency stability was on the order of 
10" 4 and the signal-to-noise ratio in the excitation 
generator was 60 dB. The excitation and detection coils 
were coaxially placed. Both coils comprised ten turns with 
a radius r of 5 cm, and the distance d between the coils 
was 11 cm. To avoid inductive pickup, the leads of the 
coils were twisted. The excitation coil induces a current in 



the detection coil by magnetic induction and an MIPS 
whose magnitude depends on the conductivity of the 
rabbit brain. The main components of the phase detector 
were two band-pass filters, two differential amplifiers, an 
analog-to-digital converter, a field programmable gate 
array chip, a digital signal processor chip, flash memory 
chips, and a liquid crystal display module. The phase 
detector could be calibrated; the temperature drift and 
noise could be eliminated by the calibration software in 
the phase detector. The performance characteristics of 
the phase detector were as follows: range of phase 
measurement, 0-180°; phase resolution, 0.050; range of 
gain, -10 to 35 dB; and duration of each measurement, 3- 
7 s. Measured data for a period of up to 12 h could be 
saved in the phase detector. The electrocardiograph 
(ECG) and ICP data collection device (6280C, Chengdu 
Instrument Factory, China) was controlled by a PC. 

Surgical procedure 

Six rabbits (2.2-3.8 kg, average weight 2.5 kg) in the 
experimental group (ACH) and four rabbits (2.3-2.7 kg, 
average weight 2.4 kg) in a control group were anesthe- 
tized with 5 mL/kg urethane (25%) via injection into the 
ear vein. We established models of ACH and edema by 
means of stereotactic methods. The coordinates for the 
brain were determined using a standard atlas (21). A short 
midline skin incision was made and the point for a 
stereotactic approach through the skull determined. The 
head was leveled, and positioned so that the bared 
bregma was 1.5 mm higher than lambda. With the 
position of the bregma as the reference point, the coronal 
zero plane (AP0) passed through the coronal suture. A1 
and P1 were coronal planes 1 mm anterior and 1 mm 
posterior, respectively, to AP0. The scope of the internal 
capsule was between A5 and P2. We chose the P1 
coronal plane to make a puncture point on the right 
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Figure 2. System block diagram of the magnetic induction phase shift (MIPS) detection method. Data from rabbits were obtained with a 
physiological signal collection device. Intracranial pressure (ICP), heart rate (HR), and MIPS were synchronously collected to compare 
the measured results. 
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coronal suture (R = 6 mm) and posterior to the sagittal 
suture (P1, AP = 1 mm). A 1-mm drill bit was twisted by 
hand to perforate the skull. A needle (d = 0.7 mm) was 
then introduced to the proper depth (H = 13 mm). 
Autologous blood (1 to 3 ml_) was slowly injected in the 
ACH group and the same volume of normal saline was 
injected in the control group. A physiological signal 
collection device (RM6280C, Chengdu Instrument 
Factory) was used to measure the changes in the ICP 
of rabbit brain (22) and heart rate (HR). As shown in 
Figure 3, rabbits were operated to monitor ICP and HR. 

The Animal Experiments and Ethical Committee of 
our university approved all experimental protocols and the 
care of animals was carried out in accordance with the 
Declaration of Helsinki and International Association for 
the Study of Pain (IASP) guidelines (23,24). 

Data processing and analysis 

Data from the rabbits were obtained with a physio- 
logical signal collection device, and showed that HR, ICP 
and HR were stable throughout the experimental 
procedure. The MIPS signals recorded by the phase 
detector were collected synchronously with the ICP and 
ECG data acquired by the physiological signal collection 
device. 

Figure 4 shows the experimental setup for detecting 
cerebral hemorrhage in the rabbits in the experiment 
group. ICP, HR, and MIPS were collected synchronously 
for comparison of the measured results; changes in the 
MIPS were recorded and compared with baseline 
measurements obtained after the surgical procedure. 
Experimental excitation and detection coils were coaxially 
placed around the heads of the rabbits. In all experiments, 
the coils were placed so that the head was centered 
between the excitation and detection coils. Changes in 
MIPS were recorded as a function of the injection volume. 
The key study hypothesis was that the changes in MIPS 



measured with the detection coil would reflect the 
changes in electrical conductivity of the brain. 

Baseline data obtained from a single ACH rabbit after 
the surgical procedure (t = 0) in a typical experiment are 
reported in Figure 5. Signals were continuously monitored 
for 1 h, during which a total of 3 ml_ autologous blood was 
injected by administration of three 1-mL injections given 
at 5-min intervals. The injection points are shown by red 
vertical bars. After each injection, the phase detector 
measured the MIPS for 5 min, collecting 70 data points. 
We selected 10 stable, continuous MIPS measurements 
before each subsequent injection, as shown by red 
circles. Overall, the MIPS and ICP showed an increasing 
trend as the injection volume increased. Some fluctua- 
tions in the MIPS due to the movement of rabbits were 
observed. These unstable data points were excluded from 
the data evaluation. The ICP and HR data were selected 
at the same times as the 10 MIPS measurements. Each 
data set was then averaged to eliminate interference in 
the data. The same data collection and processing 
methods were used with the control group. 

Results and Discussion 

The average ICP and MIPS values obtained from 6 
ACH rabbits at an excitation frequency of 10.7 MHz are 
reported in Figure 6. As the injection volume increased 
from 1 to 3 ml_, the changes in both MIPS and ICP also 
increased. The slope of each curve was stable, and 
changes in both the MIPS and ICP were linearly related to 
the injection volume. The slope of each function reflected 
the sensitivity level. These results demonstrated that the 
MIPS method was a satisfactory, reliable, and feasible 
means to detect and monitor ACH. The MIPS system 
could detect a small amount of bleeding in the brain, with 
sensitivity higher than that of detecting changes in the 
ICP. Both the ICP and the MIPS increased with the 




Figure 3. Rabbit model of acute cerebral hemor- 
rhage. The model was established by means of 
stereotactic methods. 
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Figure 4. Experimental setup to detect acute cerebral hemorrhage in rabbits with the magnetic induction phase shift method, 
excitation and detection coils were coaxially placed. 



The 



bleeding volume, and a change in the MIPS suggested 
a change in the ICP because the latter was directly 
proportional to the MIPS. A change in the MIPS might 
reflect changes in the cerebrospinal fluid and cerebral 
blood volumes, as reported previously in the literature 
(13). Our MIPS system is a non-invasive, non-contact 
method for detection of the volume of cerebral hemor- 
rhage. 

Increase of either edema or ACH can cause an 
increase of ICP. As shown in Figure 7, the MIPS in the 
ACH group was significantly different from that of the 
control group. The MIPS data were analyzed in rabbits 
with stable HRs and vital signs. The average MIPS values 
in the 6 ACH rabbits in the experimental group increased 
to 0.61 73 ±0.1 976 degrees as the injection volume 
increased from 0 to 3 ml_. Figure 7 also shows that 
MIPS changed from 0 to 0.041 ±0.0073 degrees for 4 
rabbits from the control group due to the increase of 
edema volume. The change of MIPS in the experimental 
group was greater than in the control group. These results 
were expected with the MIPS method because the 



conductivity of saline (0.281 s/m) is less than the 
conductivity of blood (1.101 s/m) at excitation frequency 
10.7 MHz (17). The average conductivity of the brain 
during ACH is also less than that seen in brains with 
edema. The observed changes in conductivity reflect 
changes in MIPS, consequently the change of MIPS 
observed in the ACH group should be greater than that in 
the edema group. 

Figure 6 also shows that the functional relationships of 
ICP and MIPS to the injection volumes were not identical. 
The slope of the MIPS was greater than that of the ICP 
during the early stages of hemorrhage, but this was 
reversed during later stages. This finding suggested that 
MIPS measurements would be useful as an early warning 
of an increase in ICP. Possible reasons for the differences 
in the observed behavior of ICP and MIPS include volume 
errors due to manual blood injection and physiological 
regulation of the cerebral blood flow (CBF) and cere- 
brospinal fluid (CSF). 

Owing to damage of the skull and brain, cerebral 
hemorrhage and cerebral edema, the blood volume flow 
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Figure 5. Data from one rabbit with acute 
cerebral hemorrhage obtained with the magnetic 
induction phase shift (MIPS) experimental setup 
and the physiological signal collection device. 
The MIPS increased from 68.5° to 69.1° (blue 
tracing) whereas the intracranial pressure (ICP) 
increased from 18 to 33 mmHg (red tracing). The 
red vertical bars indicate injection points, and red 
circles indicate data selection. 
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Figure 6. Average intracranial pressure (ICP) 
and magnetic induction phase shift (MIPS) of 6 
rabbits with acute cerebral hemorrhage as a 
function of time after the surgical procedure. The 
total injection volume increased from 0 to 3 mL 
during the 15-min period. 



rate in the animals used in the study was approximately 
100-300 jiL (due to individual differences) within less than 
1 h after the craniotomy. An animal hemorrhage model 
should take spontaneous intracerebral hemorrhage into 
consideration. The cerebral perfusion pressure remained 
largely unchanged. 

We plan to use the NI-PXI design virtual instrument to 
improve the speed of the phase detector and ultimately 
achieve real-time monitoring (<5 ms) of the MIPS. We 
also plan to test different excitation frequencies as well 
as settings for the compensation coils. To improve this 
experimental rabbit model, we will need to examine 
different bleeding positions, means of inducing cerebral 
edema and hemorrhage, and to use large study popula- 
tions. The use of imaging methods to demonstrate the 
physiological regulating effects of CSF and CBF is 
necessary. For clinical applications, we need to ensure 
that the method meets safety regulations; furthermore, we 
will determine the optimal frequency and power. We plan 
to recruit more than 30 individuals to participate in a 
planned clinical study. 

This study is the first to use animal experiments to 
demonstrate the relationship between ICP and changes of 



MIPS. A comparison of the analytical and experimental 
results to those of previous studies (14,15) suggests that 
various physiological conditions in the brain, such as 
edema and ischemia, can be distinguished by analyzing 
the change in MIPS at specific frequencies. In this study, 
the MIPS curves were significantly related to the ICP 
curves. This observation suggests that in addition to 
continuous monitoring, the proposed method could be 
valuable for detection of early warning signs in emergency 
medicine and critical care units. 

In future studies, we plan to optimize our system and 
the experimental scheme according to these results. 
We plan to perform up to 12 h or more of long-term 
monitoring. The inductance of the coils, and electrical 
conductivity of the rabbit brain were not calculated. Owing 
to time constraints, the sample size was small and there 
was no control group using traditional methods such as 
CT, MRI, or PET imaging. Further developments will 
be directed towards contrast research with established 
clinical methods. 

Measuring changes in the MIPS as a function of 
volume after brain injury has the potential to become a 
simple method for early non-contact detection of the 



Figure 7. Magnetic induction phase shift (MIPS) 
of the acute cerebral hemorrhage (ACH) group 
compared with the control group. The average 
value of MIPS of 6 rabbits from the ACH group 




increased to 0.61 73 ±0.1 976 degrees with the 
injection volume from 0 to 3 mL. MIPS changed 
from 0 to 0.041 ±0.0073 degrees in the control 
group. 
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occurrence and progression of cerebral hemorrhage. 
Such a technique would certainly be useful in emergency 
medicine, critical care, and other clinical applications. In 
addition, the measuring device can be small and portable. 
This study is the first to clarify the relationships of ICP 
and MIPS to bleeding volume by using magnetic induc- 
tion. Because of the high sensitivity of MIPS measure- 
ments in the early stages of ACH, the method could be 
valuable for detecting early warning signs. Further studies 



will be required to confirm the observations of this 
preliminary study. 
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